, which yields an f-ratio of 0.33 for the entire SCS. The modelled export ratio (e-ratio: the ratio of export to PP) is 0.24 for the basin-wide SCS. The year-to-year variation of biological productivity in the SCS is weaker than the seasonal variation. The large phytoplankton group tends to dominate over the smaller phytoplankton group, and likely plays an important role in determining the interannual variability of primary and new production.
Introduction
The South China Sea (hereafter referred to as the SCS), with an area of 3 500 000 km 2 , is a semi-closed marginal sea in the western part of the North Pacific Ocean (0-258N 100-1258E; Figure 1 ). It consists of extended continental shelves and a deep basin. The water is generally shallow (,61 m) throughout the vast northwestern and southwestern continental area of the sea, including the Gulf of Tonkin, Gulf of Thailand, and Sunda shelf. In contrast, the abyssal SCS basin in the northeast reaches depths .5000 m. The SCS is bounded by the Malay Peninsula and the Southeast Asian mainland to the west, Taiwan to the north, the Philippines to the east, and Borneo to the south. The SCS is isolated from the western Pacific Ocean by a chain of islands, and exchanges between the SCS and the North Pacific Ocean take place via many channels among those islands, primarily through Taiwan Strait, Luzon Strait, Mindoro Strait, and Karimata Strait Fang et al., 2005) . The Luzon Strait, with a sill at 2200 m, forms the only deep connection between the western North Pacific Ocean and the SCS, so the physical and chemical properties remain essentially constant below 2200 m in the SCS (Metzger and Hurlburt, 1996; Chen et al., 2001) . The Kuroshio, which forms the western boundary current of the subtropical gyre in the North Pacific, penetrates the SCS through the Luzon Strait seasonally . All the other straits have water depths ,100 m, so heat and salt exchanges are limited. Outflow is primarily through the Taiwan Strait in the north all year-round. The other weak flows vary seasonally through the Mindoro Strait to the east and the wide Karimata Strait to the south .
Despite these complexities in water exchange, the SCS is an ideal natural laboratory to study the relationship between climate variability and marine ecosystem response. The SCS is located between the Tibetan Plateau and the West Pacific Warm Pool (WPWP), where the dominant climate signal is related to the strong seasonality of the East Asia Monsoon. In summer, the southwesterly monsoon starts in June and lasts until August, whereas in winter, the northeasterly monsoon starts in October and dominates into early spring (Chu and Fan, 2001) . Transition periods are in April and May for the southwesterly monsoon, and in September for the northeasterly monsoon. The alternating monsoons in winter and summer modify the circulation in the SCS (Wu et al., 1998; Su, 2004; Xue et al., 2004) . The basin-wide circulation pattern displays a large cyclonic gyre, which persists throughout the year in the northern portion of the SCS. The circulation in the southern portion is predominantly cyclonic in winter and anticyclonic in summer (Takano et al., 1998; Wu et al., 1998; Chai et al., 2001a; Su, 2004; Wang et al., 2005) . Beyond the seasonal time-scale, the SCS circulation also exhibits interannual variation related to El Niño/Southern Oscillation events Wu et al., 1998; Kuo et al., 2004; Fang et al., 2006; Rong et al., 2006; Straub et al., 2006) .
Biogeochemical processes in the SCS have been documented and are linked to changes in atmospheric forcing and water circulation. For example, biological responses to the alternating monsoon winds have been studied in the SCS and its subregions (Yin, 2002; Tang et al., 2004; Ning et al., 2004; Chen et al., 2006a, b) . Because of limited spatial and temporal observation coverage, key biological processes, such as primary production (PP, total carbon uptake by phytoplankton), new production, respiration, and downward flux of particulate materials, have not been fully investigated in the SCS. This limitation adds further uncertainty to any regional or global production and carbon flux estimation. Using an NPZD, four-component, nitrogenbased, physical -biological model with 0.48 horizontal resolution and 21 vertical layers, Liu et al. (2002) showed that the southerly wind in summer favours high Chl a concentrations off the east coast of Vietnam. Conversely, northerly wind in winter favours high nutrients, Chl a, and PP off the west coast of Luzon Island. However, long-term variability in primary and export production has not been explored.
In this context, we use a three-dimensional physical-biogeochemical model to estimate the biological productivity and export flux in the SCS seawards of the 50-m isobath. The overall goals are to elucidate quantitatively the primary and export production in the SCS basin (excluding the extended continental shelves) and associated seasonal and interannual variations. Our work is organized as follows. The physical -biogeochemical model (ROMS-CoSiNE) is outlined, then model and data comparisons are given. Modelled seasonal and interannual variations of biological productivity are then discussed, followed by summary and concluding remarks.
Physical -biogeochemical model
The physical model for this study is based on the Regional Ocean Model Systems (ROMS), which represents an evolution in the family of terrain-following vertical-coordinate models. It solves the primitive equations with hydrostatic and Boussinesq approximations. ROMS contains innovative algorithms for advection, pressure-gradient force, free-surface variations, and K-profile vertical-mixing parameterizations for surface and bottom boundary layers (Large et al., 1994; McWilliams, 1998, 2003) . Wang and Chao (2004) configured a ROMS circulation model for the Pacific Ocean (458S-658N 998E-708W) at 50-km horizontal resolution and 20 vertical levels, with realistic geometry and topography. For this modelling study, we followed Wang and Chao's (2004) approach. The coarse grid of 58 Â 58 is shown in Figure 1 , but each coarse grid consists of 10 Â 10 subgrid cells in the model. In the regions near the two closed northern and southern walls, a sponge layer with a region of 58 from the walls is applied for temperature, salinity, and nutrients. The treatment of the sponge layer consists of a decay term k(T* -T ) in the temperature equation [k(S* -S) for the salinity equation, k(N* -N) for the nutrient equation], which restores predictions to the observed temperature T* (salinity S*, nutrients N*) field at the two closed walls. The value of k varies smoothly from 1/30 d 21 at the walls to zero 58 away from them.
The biogeochemical model is based on the carbon, Si(OH) 4 , and nitrogen ecosystem (CoSiNE) model developed by Chai et al. (2002) and Dugdale et al. (2002) (Figure 2 ). The CoSiNE model includes silicate, nitrate, ammonium, two phytoplankton groups, two zooplankton grazers, and two detritus pools. In Figure 2 , P1 represents small, easily grazed phytoplankton whose specific growth varies, but whose biomass is regulated by micrograzers (Z1) and whose daily net productivity is largely remineralized (Chavez et al., 1991; Landry et al., 1995 Landry et al., , 1997 . P2 represents large diatom-like phytoplankton (.10 mm in diameter) that form high-biomass blooms and contribute disproportionately to sinking flux as ungrazed production or large faecal pellets (Smetacek, 1985; Bidigare and Ondrusek, 1996) . The large diatomlike phytoplankton has the potential to grow fast under optimal nutrient conditions (using the Michaelis -Menten constant for nutrient uptake; Coale et al., 1996) . Z1 represents small micrograzers whose specific growth rate is similar to P1 phytoplankton, and whose grazing rate is density-dependent (Landry et al., 1997) . Z2 represents larger mesozooplankton that graze on diatoms and detritus nitrogen (DN), and prey on Z1. The detritus pool is split into DN and detritus silicon (DSi) to balance supplies of nitrogen and silicon through upwelling and vertical mixing separately. DSi is given a vertical sinking velocity of 10 m d 21 in the model, and sinks faster than DN. The linkage of the carbon cycle to the ecosystem model is through the consumption and remineralization of assimilated nutrients based on nitrogen changes in the water column combined with Redfield stoichiometric ratios. The modelled Chl a concentration is derived from the phytoplankton biomass concentration (mmol-N m
23
), converted to mg m 23 using a nominal ratio of gramme chlorophyll to molar nitrogen of 1, corresponding to a chlorophyll to carbon mass ratio of 1/50 and a C/N molar ratio of 7.3 (Thomas and Dodson, 1972; Anderson and Sarmiento, 1994; Chai et al., 2007) .
Below the euphotic zone, sinking particulate organic matter is converted to inorganic nutrients by a regeneration process similar to that used by Chai et al. (1996) , in which organic matter decays to ammonium and is then nitrified to nitrate.
The CoSiNE model has been used in studies of decadal variability in PP of the North Pacific (Chai et al., 2003) . Recently, it has been coupled with ROMS for the Pacific basin-scale configuration. Initialized with climatological temperature, salinity, and nutrients from the World Ocean Atlas (WOA) for 2001 (Ocean Climate Laboratory National Oceanographic Data Center, 2002) , the Pacific ROMS -CoSiNE model has been forced with the climatological air-sea fluxes calculated using the bulk formula for several decades to reach quasi-equilibrium.
From this quasi-equilibrium, we integrated the ROMSCoSiNE model for the period 1990-2004 and force it with daily air-sea fluxes of momentum, heat, and fresh water derived from the NCEP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric Research) reanalysis (Kalnay et al., 1996) . The surface windstress is calculated from the 10-m wind based on the Large and Pond (1982) drag coefficient formulation. The heat flux is calculated from the prescribed short-and long-wave radiations, and sensible and latent heat fluxes are calculated by the bulk formula with prescribed air temperature and relative humidity. The fresh-water flux is derived from the prescribed precipitation, and evaporation is derived from the latent heat release. It has been reported that water from the nutrient-poor Mekong River, one of the largest rivers of the SCS, does not fertilize the phytoplankton growth in the Vietnam upwelling region (Dippner et al., 2007) . For the current model configuration, the river discharges are not included. The biological model is initialized using the January nitrate and silicate profiles 
Comparing model results with observations
SouthEast Asian Time-series Study (SEATS) data, initiated in September 1998 by the National Center for Ocean Research (NCOR), Taiwan , were used to evaluate the model results. Detailed descriptions of the measured Chl a, nitrate, and silicate concentrations can be found elsewhere (Gong et al., 1992; Tseng et al., 2005 Tseng et al., , 2007 . Nutrient and chlorophyll profiles for comparison were only available from September 1999 to July 2000.
Sea surface temperature and sea surface salinity
To evaluate the physical model performance, we compared the modelled sea surface temperature (SST) and sea surface salinity (SSS) with observations at the SEATS site taken at 3-month intervals from October 2000 to October 2003. Temperature varied from 248C to 318C at the SEATS site ( Figure 3a) , with pronounced seasonal and interannual variations. The differences between the modelled SST and the observational data were ,0.58C. The ROMS-CoSiNE model captures the basic variability of SST at the SEATS site both in terms of magnitude and phase, but the model shows multiple small peaks during the period of comparison. Xie et al. (2003) documented semi-annual variations of SST in the SCS with satellite data. Higher temporal resolution would be required to validate the subseasonal SST variability found in the model results. The ROMS-CoSiNE modelled SSS are within the same range as the observations at the SEATS site from 2000 to 2003 (Figure 3b ). The modelled SSS ranged from 32.6 to 34.4 and had similar seasonal and interannual variations to the SSS observed at the SEATS site. The differences between observed and modelled SSS were ,0.5. Overall, the interannual variability of the simulated SST and SSS exhibits similar features to the observations. 
Volume transports
Model predictions of volume transport were compared with observations in the region of the Luzon Strait, because that area dominates the inflow from the Pacific into the SCS. It is recognized that the Kuroshio intrudes into the SCS through the Luzon Strait in winter, but there is debate whether the Kuroshio intrudes during summer (Wyrtki, 1961; Qu, 2000; Liang et al., 2003) . The modelsimulated seasonal variation and annual mean volume transport across the Luzon Strait were calculated to compare with observations, and to assess the potential seasonal dynamics in volume transport.
The modelled annual mean transport and seasonal variation agree with previous estimates made by the dynamic computation method and from acoustic Doppler current profiler (ADCP) observations (Qu, 2000; Liang et al., 2003) . On an annual mean basis, the model predicts a net inflow into the SCS through the Luzon Strait of 2.9 Sv (1 Sv ¼ 10 6 m 3 s 21 ; the positive value indicates that the flow enters the SCS). Depending on the method and period of observations, previous studies showed a wide range of estimates for transport through Luzon Strait Hurlburt, 1996, 2001; Qu, 2000; Liang et al., 2003; Fang et al., 2005) . Fang et al. (2005) provided a summary of the annual mean volume transport through the Luzon Strait, which ranges from 0.1 to 8.0 Sv. Using the dynamic computation method (based on the sea level difference across Luzon Strait), Qu (2000) estimated an annual mean volume transport of 3.0 Sv. The long-term (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) mean volume transport through the Luzon Strait estimated from the ADCP array (0-300 m) is 3.0 Sv (Liang et al., 2003) . Liang et al. (2003) also confirmed that the Kuroshio flowed into the SCS steadily and persistently, even in summer when the southwest monsoon season prevails.
Based on the model output from 1990 to 2004, the water from the Pacific enters the SCS through the Luzon Strait with pronounced seasonal variability. The transport across the Luzon Strait is stronger in winter and weaker in summer, with a maximum of 6.3 Sv in November and 5.3 Sv in December, and a minimum of 1.0 Sv in April and 1.6 Sv in July. These predictions are similar to estimates based on observations that indicate maximum volume transport (5.3 Sv) in January/February and minimum transport (0.2 Sv) in June/July (Qu, 2000) . The seasonal variation in the transport across the Luzon Strait is similar to the model results of Xue et al. (2004) , but there is a 1-month lag.
Phytoplankton biomass, nutrients, and PP
We evaluate the ROMS-CoSiNE performance of biological components by comparing the modelled results with the observations at the SEATS site. We apply the same dataset from SEATS used by Liu et al. (2002) to compare observed vertical profiles of Chl a, nitrate, and PP with the ROMS-CoSiNE model predictions, then determine how well the model predicts nitrate and silicate using all available data (September 1999 to July 2000).
The ROMS-CoSiNE model reproduces the observed Chl a and nitrate concentration profiles reasonably well, but predicted Chl a concentrations were lower at the surface for observations in March 2000 (Figure 4 ). The Chl a concentration is in the range 0.1 -0.5 mg m 23 in the water column (Figure 4a) . The model produces a vertical profile of nitrate similar to the observations (Figure 4b ), but the simulated concentration is higher than observations deeper than 40 m. This could be the result of higher upward nitrate flux from vertical upwelling and stronger background diffusion.
The modelled profile of PP in March is similar to observations, but it underestimates PP , 15 m and suggests a subsurface maximum at 30 m that is not evident in the data (Figure 4c ). The modelled PP is calculated based on the nutrient uptake by both small and large phytoplankton groups, converted to carbon units using a constant C/N ratio of 7.3. The difference between model predictions and observations may result from the use of where the water depth is shallower than 100 m, r 2 values for nitrate and silicate are 0.77 and 0.72, respectively.
Our limited model-data comparison captures the basic physical and biological processes that regulate SST, SSS, Chl a, nitrate, and PP at a location where observations are available. Discrepancies between model output and observations could result from a number of factors, including model error or inadequate observational sampling. For example, the relatively coarse horizontal (50 km) and vertical (20 levels) resolution could result in inadequate representation of circulation patterns and mixed-layer dynamics, and, subsequently, the biological response. Moreover, the model uses a constant conversion factor between phytoplankton biomass and Chl a, which should vary depending on light and nutrient conditions (Geider et al., 1998) . However, as a first-order comparison, the model reproduces the general vertical profile of Chl a, which suggests that the model captures large-scale and mean conditions of the key physical and biological processes in the SCS.
Biological productivity and export flux in the SCS
After gaining confidence in model simulations, we used the ROMS -CoSiNE model results to evaluate the primary and export production in the SCS and to elucidate their seasonal and interannual variations.
Seasonal variation in biological productivity and export flux
The model results from January 1990 to December 2004 were averaged by month to create a monthly mean climatology, which illustrates seasonal variations of the basin-scale depth-integrated PP (IPP), depth-integrated new production (INP) over the euphotic zone between the surface and 125 m, and particulate organic carbon (POC) export flux at 125-m depth.
The modelled IPP experiences strong seasonal variation comparable with the observations, varying between 156 and 386 mg C m 22 d 21 (Figure 7 ). The IPP is higher during winter and early spring (December-March), and there is another small peak of IPP in late summer (August/September). The lowest values of IPP are in June and November. The modelled seasonal variation of IPP is similar to the results obtained by Liu et al. (2002) , who reported that the IPP is high in winter and ranges from 207 to 373 mg C m 22 d
21
. Some limited observations of IPP throughout the northern SCS (113-1208E 18-238N) also show higher values in winter (January) and early spring (March), and lower levels in early summer (June and July), with slight increases in autumn (October; Chen, 2005; Figure 7 ). The mean of these observed IPPs is higher than the modelled IPP in January and October, but lower than the model results in March. This difference could have resulted from the strong year-to-year variation in IPP (Chen, 2005) , which is smoothed in model results by monthly averaging. 
The f-ratio and the e-ratio
Model predictions are used to calculate f-and e-ratios. The f-ratio is defined as the fraction of total PP fuelled by nitrate, which indicates contributions of nitrate and ammonium uptake (new vs. regenerated production) in the total nitrogen uptake. The model-derived f-ratio agrees with observations and indicates that biological productivity in the SCS is dominated by regenerated production. The modelled annual mean values for the basin-scale averaged IPP, INP, and regenerated production (total uptake of NH 4 by both phytoplankton groups and converted to carbon (Chen, 2005) . The low f-ratio obtained from both the model and observations shows that the biological productivity is dominated by regenerated production in the SCS. Some two-thirds of the PP in the SCS is derived from recycled nitrogen, demonstrating that a significant quantity of organic carbon and nitrogen has been cycled through zooplankton grazing in the euphotic zone.
Similar to the f-ratio, the e-ratio measures the fraction of the POC export flux in the total PP. Based on the modelled PP and export production, the export ratio (e-ratio) is obtained as POC export flux (46.5)/IPP (196.4) ¼ 0.24. The low e-ratio value indicates that most of the organic carbon produced in the euphotic zone is respired. Only 24% of the newly produced organic carbon is exported vertically to deep water (.125 m) as POC. It is reported that the e-ratio has an inverse relationship with temperature for the world's oceans (Laws et al., 2000; Fujii et al., 2005) . In tropical and subtropical waters with high temperature (.208C), e.g. the Bermuda Atlantic Time-series Study (BATS), the Hawaii Ocean Timeseries (HOT), and in the Arabian Sea, e-ratios tend to be at the lower end of the range, often between 0.08 and 0.15. However, in upwelling regions or at higher latitudes with relatively low temperatures (,168C), e.g. at Station P in the Gulf of Alaska, off the coast of Peru, and in the Ross Sea, the e-ratio is much higher, with values of 0.4 -0.7. The SCS is located in the subtropical region with annual-averaged water temperatures between 228C and 258C, and its model-estimated e-ratio is therefore comparable with other regions of high temperature (.208C).
Spatial patterns in the seasonal variation of biological productivity and export flux
As biological productivity and biomass vary greatly from region to region depending on nutrient and light conditions in the SCS (Tang et al., 2004) , model predictions were used to assess the spatial variation of biological productivity and export flux. The modelled distribution of IPP and POC export flux at 125 m in January and July and the annual mean are presented in Figure 8 . In January, the modelled IPP develops from the inner shore off Luzon Island to the outer shelf is high in the eastern SCS and low in the western SCS (Figure 8a ). The highest predicted value of IPP is 1000 mg C m 22 d
21
, and the simulated domain-averaged IPP is 321 mg C m 22 d
. In July, the domain-averaged IPP is 182 mg C m 22 d 21 (Figure 8b) , lower than the annual mean value of 247 mg C m 22 d 21 (Figure 8c ).
High modelled IPP in July is located near the coast off Vietnam and extends to the outer shelf, and lower IPP in the eastern SCS (Figure 8b ). The spatial patterns of the modelled IPP respond to upwelling along the Vietnam coast, which is attributable to the southwesterly monsoon of summer (Dippner et al., 2007) . The intense coastal upwelling brings nutrients to the surface to sustain higher PP. The modelled high IPP off the Vietnam coast coincides with the high Chl a region in the SeaWiFS-derived Chl a distributions in summer reported by Zhao and Tang (2007) . There could be some differences between the model and satellite results because the satellite-derived values only include the top 10-15 m, whereas the modelled IPP is integrated over the euphotic zone. The modelled highest value of annual mean IPP is .600 mg C m 22 d 21 in the SCS. The model indicates highest IPP at the Sunda Shelf on an annual mean basis, but decreasing from low latitudes to high latitudes (Figure 8c) .
The sinking of particulate organic material is an important pathway for linking surface productivity and the recycling of the elements below. The modelled distribution of POC export flux at 125 m tends to follow the distribution of IPP, with higher export carbon flux corresponding to regions with enhanced PP. The POC export flux at 125 m is high in the southeastern part of the SCS in winter (Figure 8d ) and in the southwestern SCS in summer (Figure 8e ). Mirroring the modelled annual mean distribution of the IPP, the annual mean horizontal distribution of POC export flux at 125 m is high in the south and low in the north (Figure 8f The temporal and spatial variations in the modelled PP and POC export flux show close relationships with upwelling dynamics. Upwelling off Luzon Island in winter and off Vietnam in summer have been recognized and studied from previous circulation models and remote-sensing studies Shaw et al., 1996; Chai et al., 2001b; Xie et al., 2003; Wu and Chang, 2005; Dippner et al., 2007) . The dominant mechanisms attributed to the winter and summer upwelling in the SCS are monsoons, coastline angle, bathymetry, local windforcing, and Kuroshio intrusion. Shaw et al. (1996) also suggested that upwelling contains a large, remotely forced component arising from the basin circulation, such that a northward undercurrent can cause the upward movement of water in winter. Therefore, strong upwelling along the eastern side of the SCS during winter could lead to large vertical nutrient transport to the surface layer and could stimulate phytoplankton productivity which is high in the eastern SCS in winter (Liu et al., 2002) . During summer, PP and POC export flux are at their highest levels off Vietnam. General circulation patterns are driven by the spatial asymmetry in monsoon forcing in summer and are characterized by an upwelling-induced northward undercurrent and a recently detected southward countercurrent (Dippner et al., 2007) . The resulting deformation of this flow pattern forms an offshore jet around 128N, and local enhancement of the upwelling intensity (Dippner et al., 2007) , which subsequently enhances biological productivity. Dippner et al. (2007) stated that phytoplankton growth in the area was fertilized by nutrient-rich upwelling water attributable to upwelling dynamics rather than by the input of nutrient-poor river water. Our model predictions capture the spatial patterns in phytoplankton production associated with upwelling dynamics in the SCS and suggest that nutrient transport and nutrient availability in the euphotic zone determine biological productivity in the SCS.
Interannual variation of biological productivity and phytoplankton assemblages
The SCS experiences strong interannual variation attributable to the changes in sea surface forcing and exchanges between the SCS and the Pacific Ocean (He et al., 1997; Rong et al., 2006) .
Model predictions of biological productivity in the SCS also are characterized by strong interannual variation (Figure 9 Although these results suggest some noteworthy trends, they need to be confirmed by long-term field observations.
Small and large phytoplankton functional groups can make different contributions to the total PP and POC export flux. Model results indicate that large diatom-like phytoplankton (P2) at the surface, at 125 m, and depth-averaged over the euphotic zone (0-125 m) constitute 53, 99, and 82%, respectively, of the phytoplankton community biomass (Figure 10a ). Both P1 and P2 are more abundant in winter and less so in late summer (Figure 10b ), in agreement with the observation that the proportion of diatoms in the total phytoplankton biomass varied from 95.7% in winter to 75.9% in summer (Ning et al., 2004) . Near the surface, the modelled P1 and P2 are about equal in terms of their contributions to total phytoplankton biomass (Figure 10b ), whereas P2 is the dominant phytoplankton group at 125 m. Model results suggest that, over the whole water column, small phytoplankton (P1) contribute less than large phytoplankton (P2) to new and total PP in the SCS.
Compared with seasonal variations, the year-to-year variability in the SCS is relatively small, and often it is difficult to discern the underlying causes of such changes because of the scarcity of systematic observations on a basin scale. Year-to-year changes in physical and biological conditions, such as upwelling intensity and nutrient concentrations, need to be investigated further, to explain the modelled and observed variation of biological productivity and export flux.
Summary
A Pacific basin-wide three-dimensional physical -biogeochemical model has been developed and used to evaluate seasonal and interannual variation of biological productivity and export flux in the SCS for the period 1990-2004. The ROMS-CoSiNE model can reproduce some of the observations conducted at the SEATS site, including seasonal and interannual variations of SST and SSS, and vertical profiles of nitrate, silicate, Chl a, and PP. The main results from this modelling study are summarized below.
(i) In the SCS, the annual mean PP is low, except for a few upwelling-dominated regions, such as the Vietnam coast in summer and the western side of Luzon Island in winter. The modelled PP and its variability agree well with previous modelling and observational results (Liu et al., 2002; Chen, 2005) . The dominant seasonal variation of PP responds to the seasonal changes of the windforcing associated with the East Asia monsoon.
(ii) The seasonal variation in new production is in the range 55-76 mg C m 22 d
21
, much lower than the variability in PP (156 -386 mg C m 22 d
). This indicates that strong seasonal variations in PP are mainly caused by regenerated production in the SCS. The modelled annual mean f-ratio for , comparable with the estimated POC flux derived from sediment trap observations and model output (Liu et al., 2002) . The modelled export ratio (the e-ratio ¼ POC flux at 125 m/IPP) is 0.24.
(iv) Compared with the seasonal cycle, the year-to-year variation of biological productivity in the SCS is weak. The large phytoplankton group tends to be dominant over the smaller easily grazed phytoplankton and plays an important role in determining the interannual variability of primary and new production.
These findings have shed new light on the seasonal and interannual variations in IPP, INP, and POC export flux in the SCS. Although the results suggest some noteworthy trends and intriguing issues, they need to be confirmed with more observations, especially through long-term data. In addition, the model needs to be constrained and evaluated with more physical and biogeochemical observations, especially for the simultaneous Figure 10 . Interannual variability in (a) proportion of diatoms at the surface (line with crosses), diatoms at 125 m (solid line), and depth-integrated diatoms at 0 -125 m (line with dots); and (b) phytoplankton biomass (P1 0 and P2 0 , small phytoplankton and diatoms, respectively, at the surface; P1 125 and P2 125 , small phytoplankton and diatoms, respectively, at 125 m).
observations of biogeochemical variables and environmental factors. In future, higher model resolution and river discharges are required to resolve the dynamics of the vast shallow region in the SCS appropriately.
